Nitrogen (δ 15 N) and carbon (δ 13 C) isotopic compositions of Posidonia oceanica were determined during three seasons along a bathymetric gradient (4-38 m depth). The δ 15 N values are low (2.2±0.9 ‰) and variable. They do not show any relation to depth or sampling dates. There is a significant difference between the δ 15 N values of the youngest and the oldest leaves, probably as a result of N resorption and senescing during leaf ageing. The δ 13 C values of young Posidonia leaves vary with depth, showing the relationship between δ 13 C values and primary productivity rate, and the use of a bicarbonate/CO 2 mixture as an inorganic carbon source. The δ 13 C values of the oldest P. oceanica leaves are depleted in 13 C compared to those of young leaves. This modification of the 13 C signatures in relation to leaf age is particularly important between 20 and 29 m depth. This modification could be related to photosynthetic rate change during ageing, but also to change in carbohydrate composition and content.
Introduction
The measurement of the natural abundance ratios of carbon and nitrogen stable isotopes ( 13 C/ 12 C and 15 N/ 14 N) has numerous applications in ecological studies, particularly in the delineation of food sources in trophic webs. This approach has often been applied to seagrass ecosystems where plants can display different isotopic signatures allowing the distinction between potential food sources for consumers (e.g., Kitting et al. 1984 , Fry 1988 , Dauby 1989 , Jennings et al. 1997 , Marguillier et al. 1997 , Lepoint et al. 2000 , Moncreiff and Sullivan 2001 , Vizzini and Mazzola 2002 . Stable isotope ratios of carbon and nitrogen are presented as δ values (respectively, δ 13 C and δ 15 N), expressed in ‰ relative to an international standard. The 13 C/ 12 C values of organic matter are depleted in 13 C compared to the international standard and, therefore, δ 13 C values of organic matter are generally negative. In contrast, 15 N/ 14 N values of organic matter are often enriched in 15 N compared to the international standard, and, therefore, δ 15 N values of organic matter are generally positive. The δ 13 C values of seagrasses range among the highest values (i.e., the least negative) reported for aquatic and terrestrial primary producers (see the review of Hemminga and Mateo 1996) . This may be related to the capacity of seagrasses to use bicarbonate as an inorganic carbon source for photosynthesis (Beer et al. 2002) , i.e., a source less 13 C-depleted than dissolved CO 2 (0 vs.-9 ‰) (Raven et al. 2002) . However, there are many inter-and intra-specific variations in the δ 13 C values related to variability of environmental factors (i.e., irradiance, hydrodynamics, temperature, etc. ) and of primary production rates (e.g., Cooper and DeNiro 1989 , Grice et al. 1996 , Hemminga and Mateo 1996 , Vizzini et al. 2003 .
The δ 15 N values of plants vary according to species, site location, nitrogen sources or uptake rates, and are used to trace ground and waste water impact on the nitrogen cycle in estuarine and coastal ecosystems (e.g., Fourqurean et al. 1997) .
Posidonia oceanica (L.) Delile, a large and long-living seagrass, is a common, but endangered, species of the Mediterranean littoral. This species is distributed between 0 and 45 m depth and, therefore, P. oceanica experiences an extended range of depth-related environmental conditions (e.g., light, water motion, nutrient availability, etc.) that may affect the large variability of biometric parameters (e.g., Gobert et al. 2003) , demography (e.g., Olesen et al. 2002) and depth-related ecological processes (Mazzella et al. 1992) in the P. oceanica meadow. Because the isotopic composition of a plant is in part determined by ecological processes which are affected by this depth gradient (e.g., photosynthesis), we postulate that stable isotope ratios of P. oceanica should be partly depth-related.
In this study, we assess this depth-related variability of δ 13 C and δ 15 N values in a P. oceanica meadow during three seasons and we discuss the consequence of Liège). This meadow has been the object of several isotopic studies on the food web (e.g., Dauby 1989 , Havelange et al. 1997 , Lepoint et al. 2000 , Pinnegar et al. 2000 , the characterisation of particulate matter (Dauby et al. 1995) and the variability of the stable carbon isotope ratios of P. oceanica (Cooper and DeNiro 1989) .
Sampling was performed in October 1997 and in February and June 1998, from 4 to 38 m depth, which are, respectively, the upper and lower limits of this meadow. P. oceanica shoots (i.e., one bundle of leaves with a piece of rhizome and some roots) were collected along the same general direction for the three seasons, but not along a permanent transect. Each sample was composed of two shoots collected every two metres from 4 to 20 m depth, and every five metres from 20 to 38 m depth.
The leaves were scraped using a razor blade to remove epiphytes and were classified in three categories according to Giraud (1979) : juveniles (length < 5 cm), intermediates (length > 5 cm and no ligule) and adult leaves (length > 5 cm and presence of a ligule). On each shoot, three leaves were selected: the youngest intermediate, the youngest adult and the oldest adult leaves. These leaves were arbitrarily numbered leaf 1, 2 and 3, respectively.
Leaves, roots and rhizomes were dried for 48 h at 60°C, and ground for isotopic measurements performed with a mass spectrometer (VG Optima, Micromass, UK) coupled to an elemental analyser (Carlo Erba, Italy). Ratios are presented as δ value (‰), expressed relative to the vPDB (Vienna Peedee Belemnite) standard and to atmospheric N 2 for carbon and nitrogen, respectively. Experimental precision (based on the standard deviation of replicated measurements of P. oceanica leaf sample) was 0.3 ‰ for both carbon and nitrogen.
For statistical analysis, data were classified in four classes according to their sampling depth: 0-9, 10-19, 20-29, 30-39 . Isotopic data have been analysed using a two-way ANOVA test with leaf type and depth as independent factors. Post hoc Tukey's test was used to assess pairwise differences when ANOVA revealed statistically significant effects.
A non-parametric Kruskal-Wallis test for multiple comparison was used for seasonal comparison as normality conditions were not encountered in this case. All test results were considered as significant when p was ≤ 0.05.
Results
The δ 15 N values of P. oceanica organs range from 0.6 to 4.8 ‰ for the leaves, from 1.5 to 4.3 ‰ for the roots and from 0.9 to 3.9 ‰ for the rhizomes (Fig. 1.) . There are significant differences between the δ 15 N values of the different leaf types (Table I) . However, these differences are only significant when the youngest and the oldest leaves are compared (Tukey's test, p < 0.05). The δ 15 N values of the organs do not show any significant differences in relation to the depth (Table I) or the sampling dates (Kruskal-Wallis test, p > 0.1).
The δ 13 C values of P. oceanica organs range from -10.8 to -19.7 ‰ for the leaves, from -11.3 to -17.1 for the roots and from -13.3 to -17.5 ‰ for the rhizomes (Fig. 2. ). There are significant differences between δ 13 C values of the three types of leaves (Table I ). Post hoc comparison shows these differences are significant between all the leaf types (Tukey's test, p < 0.05). The oldest leaves seem often depleted in 13 C relative to leaves 1 and 2 (up to 5.5 and 4.0 ‰ more negative than leaves 1 and 2, respectively).
There are highly significant differences in the δ 13 C values of leaves according to depth (Table I ). The pairwise comparison shows that there are significant differences between all the depth classes (Tukey's test, all p ≤ 0.04), except between the 10-19 m and the 30-39 m classes. The δ 13 C values of leaves are generally the least negative (i.e., the least depleted in 13 C) between 4 and 8 m depth (Fig. 2.) . The δ 13 C values of leaves 2 and 3, but not of leaves 1, are the most negative (i.e., the most depleted in 13 C) in the zone comprised between 20 and 29 m depth. The δ 13 C values of Posidonia rhizomes and roots show a relation resembling that of leaves 1. The two-way ANOVA shows that there are no significant interactions between the depth and the leaf type (Table I ). The δ 13 C values of Posidonia organs do not show any significant difference in relation with the sampling dates (Kruskal-Wallis test, all p > 0.1).
Discussion
The δ 15 N values of primary producers are mainly determined by the δ 15 N values of their N sources and the isotopic discrimination (i.e., the preferential use of one isotope against the other) during N uptake and assimilation (McClelland et al. 1997) . P. oceanica and other Mediterranean primary producers generally have low δ 15 N values compared to primary pro- ducers of the North Atlantic Ocean (e.g., Jennings et al. 1997 , McClelland et al. 1997 , Lepoint et al. 2000 vs. Créach et al. 1997 . This difference is partly due to the significantly lower δ 15 N signal of inorganic nitrogen in the Mediterranean Sea in comparison to the North Atlantic Ocean, resulting from the greater influence of N 2 fixation on the nitrogen cycle in the Mediterranean Sea (Pantoja et al. 2002) .
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The δ 15 N values can be used as a signal to trace waste and ground water inputs in the environment. Inorganic nitrogen derived from anthropogenically modified or natural ground waters is enriched in 15 N against marine inorganic nitrogen and this enrichment is detectable in the coastal primary producers (Fourqurean et al. 1997 , McClelland et al. 1997 , Kamermans et al. 2002 , Yamamuro et al. 2003 . Fourqurean et al. (1997) have recorded δ 15 N values for Zostera marina in a site influenced by urbanisation (Tomales Bay, CA, USA) that are significantly higher than those of P. oceanica (9.7±0.3 ‰ vs. 2.2±0.9 ‰). McClelland et al. (1997) report that δ 15 N values of Z. marina in Waquoit Bay vary between -2.0 and 6 ‰, according to the increase of wastewater N loads. Although our samples from the shallowest station were collected near the STARESO harbour, P. oceanica appears little enriched in 15 N, and the δ 15 N values do not show any clear variation in relation to depth. This could reflect the small influence of this potential pollution on these shoots. However, P. oceanica has a complex nitrogen budget where the inorganic N incorporated from the water column by leaves and roots represents 25 and 35% of the N annual requirement of the plant, respectively (Lepoint et al. 2002) . Moreover, nutrients diffusing from the sediment probably constitute an important source of N for leaf uptake . Therefore, the δ 15 N of P. oceanica could be less sensitive to an inorganic N groundwater or wastewater load than Z. marina, which generally depends more on the water column nitrogen, or than macroalgae from rocks which depend completely on this N source. Moreover, our data show that the δ 15 N values slightly decrease with leaf ageing. This change is probably related to the N resorption and recycling process which occur in P. oceanica and represent about 40% of the N plant needs (Lepoint et al. 2002) .
The range of δ 13 C values is quite large (Fig. 2) , and the lowest values are close to the δ 13 C values of the other dominant primary producers (i.e., macroalgae and phytoplankton) of the Revellata Bay (Lepoint et al. 2000 , Pinnegar et al. 2000 . As a result, the distinction between the different food sources is potentially difficult. Therefore, it is very important in trophic web studies to compare the isotopic values of plants and animals coming from the same location and the same depth to reduce the δ 13 C range of primary producers and to make the isotopic signatures more distinguishable (Vizzini et al. 2003) . This also means that the distinction between the different food sources is not possible for all depths of the Posidonia meadow.
The δ 13 C values of the youngest intermediate leaves are clearly related to depth, as reported by Cooper and DeNiro (1989) for this meadow, and, therefore, to light supply and productivity rate. Grice et al. (1996) showed that the δ 13 C values of seagrasses grown in aquaria increase when the light irradiance increased. The δ 13 C values are significantly correlated to the productivity rate of seagrasses (Cooper and DeNiro 1989, Hemminga and Mateo 1996) . Indeed, the productivity rate affects the extent of the isotopic discrimination (i.e., the preferential use of one isotope relative to the other). However, this correlation is not observed in the shallowest station for P. oceanica (Mateo et al. 2000) . These authors suggest that the carbon isotopic discrimination in seagrasses saturates earlier than production at increasing light irradiance. This would explain why, for the shallowest sampling depth, the δ 13 C values of Posidonia leaves show smaller changes than the productivity rate.
Recent works have shown that bicarbonate use by seagrasses, among them by P. oceanica, is more important than previously recognised (Invers et al. 2001 , Beer et al. 2002 . Bicarbonate has a less negative δ 13 C than CO 2 (0 vs. -9 ‰) and its incorporation by the plant may lead to a variable isotopic discrimination and, consequently, a variable δ 13 C which sometimes shows very high value (Raven et al. 2002) . Bicarbonate use is clearly an adaptation of seagrasses to marine life (Beer et al. 2002) . Indeed, in the aquatic environment, CO 2 diffusion rate and availability can be limiting factors for inorganic carbon supply and, therefore, for primary production. The highest δ 13 C value (i.e., -10.8 ‰) which was recorded in the shallowest location of this study could imply that, at this depth, P. oceanica photosynthesis relies mainly on bicarbonate as an inorganic carbon source (Raven et al. 1995 (Raven et al. , 2002 . For the other depths, the interpretation is more difficult, but, the observed variation could signify that the Posidonia leaves rely, in fact, on a varying mixture of CO 2 and bicarbonate to meet their inorganic C demand (Raven et al. 2002) , although the contributions of these two sources are not calculable by using the δ 13 C values (Raven et al. 1995) .
Thus, two linked processes are involved in the variation of the young leaves δ 13 C: the ability to use a varying mixture of CO 2 and bicarbonate (i.e., two sources with different isotopic signatures and incorporation ways) and the primary production rate (i.e., a rate that influences the extent of the isotopic discrimination) which is related to light supply, and, therefore, to depth. The δ 13 C values of the different leaves of P. oceanica show significant differences, particularly when the youngest and the oldest leaves are compared (Fig. 2.) . The general trend is a decrease of the δ 13 C values with the increasing leaf age, except in October 1997. This is a significant difference, considerably above the measurement precision (±0.3 ‰), already observed by Vizzini et al. (2003) . A second trend is that this difference is more pronounced between 20 and 30 m depth than at the shallowest and the deepest sampling stations. It is worth noticing that the structure of the P. oceanica meadow of the Revellata Bay changes drastically between 20 and 30 m depth, i.e., shoot density and biomass decrease more quickly than between 0 and 20 m depth or between 30 and 40 m depth (Gobert et al. 2003) . Although changes of δ 13 C values are relatively confusing, they show that some processes concerning the carbon budget of the plant occur differently at the different depths and, probably, seasons. The following processes could be involved in the differentiation of the change of δ 13 C values with the increasing leaf age: firstly, change of the photosynthesis rate (and thus of isotopic discrimination), and, secondly, change of the carbohydrate leaf composition and content (for example, addition of structural carbohydrate or re-mobilisation of stored carbohydrates). As regards the photosynthetic capacities, Modigh et al. (1998) show that the leaf age is a major factor determining the leaf capacity for carbon assimilation. Decrease of photosynthetic rate and change of photosynthetic parameters with ageing are well documented for P. oceanica (e.g., Alcoverro et al. 1998 , Modigh et al. 1998 ) and, as for depth variation of δ 13 C values, a lower photosynthetic rate could be related to a lower δ 13 C. The photosynthetic rate is also related to seasonal variations of irradiance and carbon demand, and, although in this study no seasonal pattern of the 13 C values is observed, this seasonal cycle probably influences the 13 C values of the plant (Vizzini et al. 2003) .
On the other hand, leaf carbohydrate composition and contents also change with leaf age and season (Pirc 1985) due to variations of photosynthesis rate, storage/reclamation processes (Alcoverro et al. 2001) , transfer processes between leaves and ramets (Libes and Boudouresque 1987, Marbà et al. 2002) or additions of structural components (e.g., cellulose, lignin) (Klap et al. 2000) . These processes, which are often related to depth (e.g., Olesen et al. 2002) and season (e.g., Pirc 1985 , Alcoverro et al. 1998 ), 560 G. Lepoint et al. could modify the isotopic signature of a leaf during its life. Indeed, every process involving chemical reactions may be theoretically responsible for isotopic discriminations. Because structural and soluble carbohydrates may have different isotopic signatures, change in carbohydrates composition and content should be related to δ 13 C change in the leaf. Senescence, which implies a resorption of soluble carbon and nitrogen contents, is probably also involved in the modification of the δ 13 C and δ 15 N.
